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Accurate knowledge of the neutron energy spectra is useful in basic research and 
applications. The overall procedure of measuring and unfolding the fast neutron energy 
spectra with BC501A liquid scintillation detector is described. The recoil proton spectrum of 
241
Am-Be neutrons was obtained experimentally. With the NRESP7 code, the response 
matrix of detector was simulated. Combining the recoil proton spectrum and response matrix, 
the unfolding of neutron spectra was performed by GRAVEL iterative algorithm. A MatLab 
program based on the GRAVEL method was developed. The continuous neutron spectrum of 
241
Am-Be source and monoenergetic neutron spectrum of D-T source have been unfolded 
successfully and are in good agreement with their standard reference spectra. The unfolded 
241
Am-Be spectrum are more accurate than the spectra unfolded by artificial neural networks 
in recent years. 
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1. Introduction 
Accurate knowledge of the neutron energy 
spectra is of great research importance in 
many basic research and applications, such as 
in nuclear nonproliferation, international 
safeguard, nuclear material control, nation 
security and counterterrorism [1-2]. In 
addition, the accurate unfolding of neutron 
spectra increases the sensitivity of assays 
performed on various nuclear materials [3]. 
BC501A liquid scintillation detectors are 
widely used for the fast neutron spectroscopy 
because of their good linearity, excellent n- 
discrimination property and high light output 
[4-6]. However, the neutron energy spectra, 
Φ(E), has to be unfolded from the pulse height 
spectra dN/dH as a result of neutron-proton 
recoil in BC501A liquid scintillator. 
The detector response R(H, E), the 
differential pulse height spectrum dN/dH, and 
the neutron energy spectrum Φ(E), are related 
through the Fredholm integral equation of the 
first type as below [7] such that; 
 dEEEHRdH
dN
)(),(         (1) 
here, the radiation detector can directly give 
dN/dH, which is the result of folding the detector 
response functions and the energy distribution of 
the incident neutrons. When the spectrum is 
recorded by a multichannel analyzer, Eq. (1) 
takes the discrete form; 

j
jiji RN           (2) 
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where Ni (i=1, 2, …, n) is the recorded counts in 
the ith channel, Φj (j=1, 2, …, m) is the radiation 
fluence in the jth energy interval, and Rij is the 
response matrix coupling the ith pulse height 
interval with the jth energy interval. Eq. (2) can 
be transformed into the matrix notation such 
that; 
N=RΦ             (3) 
Where N=(N1, N2, …, Nn)
T
, Φ=(Φ1, Φ2, …, 
Φm)T, R is the response matrix with size of n×m. 
Both Eq. (2) and (3) need to be inverted in 
order to obtain the neutron spectrum from the 
measured pulse height distribution, which can 
be seen as a mapping from the measured 
n-dimensional space of detector response to 
the m-dimensional space of neutron energy 
fluence. The task of determining the unknown 
Φ from the observable N presents an 
ill-conditioned problem. To unfold the 
spectrum, several mathematical methods and 
computing algorithms have been used, such as 
least-squares [8], Monte Carlo Methods [9], 
genetic algorithm [10], and populated artificial 
neural networks (ANNs) in recently years 
[11-12]. These methods are able to unfold 
neutron energy spectra, however the accuracy 
and precision of the said methods are not as 
good as expected, particularly compared with 
the spectra provided by the International 
Organization for Standardization (ISO). Thus 
finding a robust method to unfold neutron 
spectra accurately is required. 
The GRAVEL method is an iterative 
unfolding algorithm which was originally 
proposed by the Physikalisch Technische 
Bundesanstalt (PTB) for unfolding particle 
spectra from the measured pulse height 
distribution [13]. It has been successfully used 
for unfolding the spectra of -rays [14-15]. 
However, the application of GRAVEL method 
for unfolding the fast neutron spectra 
measured with liquid scintillation detector 
have not really been reported much more other 
than for PTB itself [16-17]. Herein the 
GRAVEL iterative algorithm is introduced in 
details, and a MatLab program based on 
GRAVEL method has been developed and 
successfully applied for unfolding the 
continuous neutron spectrum of 
241
Am-Be 
source and monoenergetic neutron spectrum 
of D-T source. The results exhibited good 
agreement with the ISO standard spectra. 
This paper presents the overall procedure of 
measuring and unfolding the fast neutron 
energy spectra with BC501A liquid 
scintillation detector. First of all, the 
experiment setup for discriminating against 
-rays and measuring the recoil proton spectra 
of incident neutrons is described. Then the 
response matrix of the BC501A liquid 
scintillation detector used in our experiment is 
calculated by NRESP7 code. Finally, the 
unfolding results are presented. 
2. Experiment 
The experimental setup is shown in Fig. 1. A 
Φ2′′×2′′ cylindrical BC501A liquid scintillator 
coupled to a photomultiplier (PMT) with the 
tpye of 9807B of ET Enterprises with silicon 
oil was used to detect neutrons. In order to 
inhibit the scattering background of neutrons, 
the experiment was arranged in a spacious 
experimental hall (26.3 m in length, 11.4 m in 
width and 14 m in height), the neutron source 
(
241
Am-Be source with the intensity of 
2.5×10
6
 n/s) and detector were put at the 
center of the hall. The detector was supported 
by a thin steel bracket and positioned 
perpendicularly to the ground, the distance 
from the scintillator front surface to the 
ground was 3.8 m. The neutron source was 
suspended 95 cm away from the scintillator 
front surface on its central axis. This type of 
arrangement could minimize the scattering 
neutron background. 
 
Figure 1 Experimental setup. 
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In order to evaluate the inhibition quality of 
scattering neutron background, this 
experiment setup was simulated by Monte 
Carlo N-Particle Transport Code (MCNP). It 
can be seen through the simulation result (Fig. 
2) that this arrangement almost inhibited all 
the scattering neutrons, the scattering 
background only make a small contribution to 
the measured data thus the effect of 
background could be neglected. 
 
Figure 2 Simulation result of neutron scattering background 
for experiment setup with MCNP. 
The block diagram in Fig. 3 shows the 
data acquisition system (DAQ) for measuring 
the recoil proton spectrum and discriminating 
against -rays with zero-crossing method. 
 
Figure 3  Block diagram of DAQ (all of the electronics are 
from ORTEC). 
The DAQ system consisted of two branches: 
Ch1-for energy spectra measurement, and 
Ch2-for n- discrimination with zero-crossing 
method. The TAC output of 567 
Time-to-Amplitude Converter/Single-Channel 
Analyzer (TAC/SCA) was the n- 
discrimination spectrum shown as Fig. 4. The 
neutron events in Fig. 4 were chosen by 
adjusting the SCA lower level of 567 
TAC/SCA, namely tuned the SCA lower level 
to the valley channel between neutron and 
-ray peak (separating line in Fig. 4). The 
SCA output was sent to 927 as the gate signal 
for Ch1, then the recoil proton spectrum 
without -rays was obtained (Fig. 5). The 
measurement duration for 
241
Am-Be source 
was 60,399 s. The experiment details can be 
found in previous work [19]. 
 
Figure 4 n- discrimination spectrum of 241Am-Be source. 
 
Figure 5 Recoil proton spectrum of 
241
Am-Be source. 
The D-T source was measured with same 
DAQ system as shown in Fig. 3. However, the 
detector was placed in a hole on the shielding 
wall, and at the angle of 30 degree from the 
direction of deuterium ions beam with current 
of 70 A and average energy of 135 keV. The 
distance from T target to detector was given as 
13m and the duration 2,900 s. 
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3. Neutron spectra unfolding 
3.1 Detector response matrix 
As Eq. (1) exhibits, unfolding the measured 
pulse height spectra of neutrons requires a 
response matrix for the neutron energies in the 
energy range of interest. The response matrix 
can be determined experimentally or by 
calculations. In general, the response functions 
tend to be calculated by some specific 
program rather than measured experimentally 
because of various limited factors. 
 
Figure 6 Response functions for Φ2′′×2′′ BC501A liquid 
scintillation detector from (a) 1MeV to 6MeV, (b) 7MeV to 
12MeV, (c) 13MeV to 18MeV with 1MeV interval.  
In this work, the response functions of 
Φ2′′×2′′ BC501A scintillation detector 
induced by monoenergetic neutrons were 
calculated by NRESP7 code [20]. The 
NRESP7 is a Monte Carlo code which 
calculates the detector response functions for 
NE213 scintillators (NE213 liquid scintillators 
are identical to BC501A scintillators in both 
design and chemical composition [21]) by 
incidence of fast monoenergetic neutrons in 
the energy range from 0.02 MeV to 20 MeV. 
An extensive set of cross section and 
differential cross section data has been 
included and various light output functions 
have been used in this code. It simulates all 
reactions of the neutrons inside or near the 
detector and calculates the light output 
induced by these reactions. 
According to the neutron energy range of 
the 
241
Am-Be and D-T source, the response 
functions of BC501A scintillation detector in 
the range from 1MeV to 18MeV were 
calculated. There were 261 response functions. 
Fig. 6 shows response functions in the energy 
range from 1MeV to 18MeV with 1MeV 
interval. 
3.2 GRAVEL unfolding method 
GRAVEL is an iterative unfolding algorithm 
that uses a slight modification of the SAND-II 
algorithm. The iterative algorithm of 
GRAVEL is shown as below [13, 22]; 
1
ln
exp
K i
ij K
i ij j
jK K
j j K
ij
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W
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   (4) 
where Ni represents the measured counts in ith 
channel of pulse height spectrum. Rij is the 
response matrix coupling the ith pulse height 
interval with the jth energy interval, Wij is a 
weight factor defined as; 
2
2
i
i
j
K
jji
K
jijK
ij
N
R
R
W






       (5) 
where σi is the estimate of the measurement 
error, namely the square root of Ni. i=1, …, n, 
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j=1, …, m, with nm. 
The value of Φj
K
 is the neutron fluence in 
the jth energy interval after Kth iteration. A 
first input spectrum, Φ0, is needed when the 
iteration is started. A constant spectrum was 
used to initiate the iteration in this work [13]. 
GRAVEL is an iterative algorithm, so the 
question of stopping the iteration is a key 
point. The χ2 per degree of freedom, that is 
χ2/n, is used as the criterion for stopping the 
iteration. 
The value of χ2 is defined as; 

 








i i
j
ijij NR
2
2
2


       (6) 
so the χ2/n per degree of freedom, χ2/n, is given 
by; 

 








i i
j
ijij NR
n
n
2
2
2 1/


     (7) 
It should be noted that every solution 
with χ2/n ≈ 1 should be considered as 
consistent [13]. 
3.3 Results and Discussion 
A MatLab unfolding iteration program was 
developed to carry out the GRAVEL 
algorithm and calculate the χ2/n for each 
iteration based on the above principle. 
The convergent curve of unfolding 
procedure for 
241
Am-Be neutrons is shown in 
Fig. 7. It can be seen that the final χ2/n is 
almost to 1, which means the iteration is 
convergent. 
 
Figure 7  Convergent curve of unfolding procedure for 
241
Am-Be neutron source. 
The 
241
Am-Be neutron spectra unfolded by 
GRAVEL method from its recoil proton 
spectrum (Fig. 5), unfolded by ANNs [23], 
taken from ISO [18] are shown in Fig. 8. The 
peaks of 
241
Am-Be neutron spectrum unfolded 
by GRAVEL are found approximately at 3.0, 
5.0, 7.7, 10.0 MeV, which are in agreement 
with the reference that peaks of 
241
Am-Be 
neutron energy spectrum are observed near 3.1, 
4.8, 7.7, 9.8 MeV [24]. 
It can also be seen from Fig. 8 that the 
GRAVEL unfolded result is in good 
agreement with the ISO [18] spectrum both in 
terms of the overall distribution and the 
position of peaks. The GRAVEL unfolded 
result is also more consistent than the results 
unfolded by Sharghi Ido [23] with the ANNs 
method. Our result appears to be more 
accurate comparatively. 
 
Figure 8 Comparison of the 
241
Am-Be neutron spectrum 
unfolded by GRAVEL method with the ISO reference and 
the Sharhi Ido’s result unfolded by ANN. 
The D-T neutrons were measured and 
unfolded under the same procedure. The final 
unfolded result is shown in Fig. 9.  
 
Figure 9 Neutron spectrum of D-T source unfolded by 
GRAVEL method. 
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The monoenergetic D-T neutrons were 
measured at the angle of 30 degree from the 
direction of deuterium ions beam (average 
energy is 135 keV) to detector, according to the 
data manual of accelerator neutron source, the 
energy of D-T neutrons in this direction is 
around 14.8MeV. The peak value in Fig.9 is 
about 14.78MeV, which is in good agreement 
with the data in the manual. 
4. Conclusion 
Herein, the overall procedure of unfolding the 
neutron energy spectra with a BC501A liquid 
scintillation detector was reported. Firstly, the 
experimental arrangement and electronic 
circuit for performing the n- discrimination 
and measuring the recoil proton spectra was 
introduced, and the experiment result of recoil 
proton spectrum of 
241
Am-Be neutron source 
was obtained. Then, the response matrix 
which was composed of 261 response 
functions for BC501A liquid scintillation 
detector was generated by Monte Carlo code 
NRESP7. Finally, combining the measured 
recoil proton method and simulated response 
matrix, the unfolding of the neutron spectra 
was carried out with the GRAVEL method. 
A MatLab program based on the GRAVEL 
iterative algorithm has been developed and 
successfully applied for unfolding the fast 
neutron spectra. The continuous neutron 
spectrum of 
241
Am-Be source and 
monoenergetic neutron spectrum of D-T 
source were successfully unfolded by this 
MatLab program. The unfolded 
241
Am-Be 
neutron spectrum was in good agreement with 
the reference spectrum provided by ISO [18]. 
The GRAVEL unfolded spectrum of 
241
Am-Besource was more accurate compared 
with the reference published in recent years 
which is unfolded by ANNs [24]. The 
unfolded D-T neutron spectrum was in good 
agreement with the data in manual. 
The original GRAVEL program developed 
by PTB is written with Fortran code [13]. It is 
a comparative large program which may not 
be workable under certain constrains. 
However, our developed program is a short 
code (200 lines). The complexity of the 
unfolding program is dramatically reduced. 
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